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Relative importance and interactions of furan precursors in sterilized, vegetable-25 
based food systems 26 
Mitigation strategies aiming at an intervention in the reaction pathways for furan formation (e.g. by 27 
adjusting precursor concentrations) might offer an additional route for furan reduction in sterilized, 28 
vegetable-based foods, without adverse effects on other food safety or quality attributes. As a first step 29 
towards product reformulation, the aim of the present study was to determine the relative importance 30 
and interactions of possible furan precursors in these types of foods. Based on an I-optimal experimental 31 
design, potato purée (naturally low in furan precursors) was spiked with known amounts of sugars, 32 
ascorbic acid, olive oil and β-carotene, and subjected to a thermal sterilization. Significant correlations 33 
were observed between furan concentrations after thermal treatment and starting concentrations of 34 
ascorbic acid and monosaccharides (i.e., fructose and glucose). Ascorbic acid had a clear furan reducing 35 
effect as an antioxidant, by protecting (polyunsaturated) fatty acids against oxidative degradation. 36 
Fructose and glucose were the main precursors, which can most probably be attributed to their high, but 37 
realistic concentrations in the product. The contributions of fatty acids and β-carotene were strongly 38 
dependent on redox interactions with other food constituents. In the same potato purées, only low 39 
concentrations (0-2 ng/g purée) of 2-methylfuran were detected, indicating that the direct importance of 40 
the spiked food constituents as a precursor for methylfuran formation was rather small. Based on the 41 
results of this study, reducing the amount of monosaccharides or adjusting the redox conditions of the 42 
matrix are suggested as two possible approaches for furan mitigation on the product side. 43 
 44 
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  46 
Introduction 47 
Furan (C4H4O) is a small organic molecule with high volatility. In 1995, furan was classified as 48 
‘possibly carcinogenic’ to humans after it was proven to be carcinogenic in rats and mice (International 49 
Agency for Research on Cancer (IARC) 1995). A recent risk evaluation by the Joint FAO/WHO Expert 50 
Committee on Food Additives (2011) has indicated a human health concern for furan. Consequently, 51 
actions should be taken to minimize exposure to an acceptable level. Sterilized, vegetable-based foods 52 
(jarred baby foods, ready-to-eat soups, sauces, etc.) are important contributors to the furan exposure of 53 
children and adults (US Food and Drug Administration (FDA) 2009; European Food Safety Authority 54 
(EFSA) 2011). In their previous work, the authors of the present study have investigated the potential of 55 
furan mitigation measures in vegetable-based foods, by modifying the processing conditions for thermal 56 
preservation or storage. In this context, innovative high-pressure high-temperature (HPHT) processing 57 
presented itself as an interesting alternative for conventional thermal sterilization (Palmers et al. 2014). 58 
Following a HPHT treatment, the furan concentrations of eleven individual vegetable purées (e.g. 59 
broccoli, carrot, potato) decreased to levels close to the analytical limits (1-2 ng/g purée). Similar results 60 
were observed by Sevenich et al. (2014) in vegetable-based baby food systems. In both studies, the 61 
decrease in furan concentration could be attributed to the shorter processing times as compared with 62 
conventional retort treatments, which resulted from the application of compression heat and the 63 
corresponding increase in the heating and cooling rates for the purées (Palmers et al. 2015b). Sevenich 64 
et al. (2015) even showed that it is possible to scale-up this technology to a pilot scale, whilst keeping 65 
the same reduction of furan concentrations. The effect of storage was investigated for a similar range of 66 
vegetable purées as described above (Palmers et al. 2015a). After 5 months of storage at temperature-67 
abuse conditions of 35 °C, the majority of the sterilized vegetable purées showed a considerable 68 
increase in furan concentration. This furan formation during storage could be reduced by storing the 69 
vegetable purées at a refrigerated temperature of 4 °C, at which the furan concentrations remained 70 
approximately constant over the same period of 5 months. The importance of the storage temperature 71 
for controlling furan formation during storage was confirmed by means of a kinetic experiment (Palmers 72 
et al. 2015c), using pasteurized fruit juices as a research matrix. 73 
Shelf-stable, vegetable-based foods are particularly susceptible to furan formation (Jestoi et al. 2009; 74 
Mesias-Garcia et al. 2010), because of favorable conditions on both the product (natural mixtures of all 75 
known furan precursors) and the processing side (intensive heat treatment for preservation). Even 76 
though recent literature has indicated the potential of furan mitigation measures by changing the 77 
processing conditions of thermal preservation and storage, a substantial furan reduction might not 78 
always be feasible, because of microbial safety standards to comply with and because of economic 79 
reasons. For such products, mitigation strategies aiming at an intervention in the reaction pathways for 80 
furan formation (e.g. by changing the product composition) might offer an additional approach to reduce 81 
the furan concentration without adverse effects on general food safety or quality attributes. In the 82 
literature, many possible ways leading to the formation of furan have been reported, the major 83 
precursors being sugars (alone or in combination with amino acids), ascorbic acid and unsaturated fatty 84 
acids, followed by amino acids and carotenoids (Locas & Yaylayan 2004; Becalski & Seaman 2005; 85 
Fan 2005; Mark et al. 2006; Limacher et al. 2007; Limacher et al. 2008; Owczarek-Fendor et al. 2010a; 86 
Owczarek-Fendor et al. 2011; Van Lancker et al. 2011; Huang et al. 2011; Owczarek-Fendor et al. 87 
2012). However, the majority of these studies applied simple model systems (consisting of only a single 88 
or few constituents) to investigate the role of the different precursors for furan formation. Moreover, 89 
these systems are often subjected to extreme processing conditions (e.g. pyrolysis, roasting), which are 90 
not frequently applied in food industry, especially for thermal preservation of vegetable-based foods. As 91 
a first step towards product optimization, the aim of the present study was, therefore, to determine the 92 
relative importance and interactions of the furan precursors in realistic, vegetable-based food systems. A 93 
potato purée (naturally low in furan precursors) was spiked with known amounts of fructose, glucose, 94 
sucrose, ascorbic acid, olive oil and β-carotene. Based on an I-optimal experimental design, 40 different 95 
purée formulations were prepared for thermal sterilization and analysis for furan. A mixed model 96 
regression was applied to detect significant correlations between the furan concentrations after thermal 97 
treatment and the precursor concentrations in the starting material. As recently proposed by Becalski et 98 
al. (2010) and adopted in the recommendations of the Joint FAO/WHO Expert Committee on Food 99 
Additives (2011), also the concentrations of 2- and 3-methylfuran were monitored. Both alkylated 100 
derivatives of furan might be of toxicological interest, since animal studies have shown that they can be 101 
metabolically activated in a similar way as furan (Gill et al. 2014a; Gill et al. 2014b). 102 
 103 
Material and methods 104 
Selection of the research matrix 105 
As a first step in setting up the experimental design for the present experiment, an appropriate 106 
research matrix had to be selected. Based on the available food composition tables (Rijksinstituut voor 107 
Volksgezondheid en Milieu 2013), potato was selected as a vegetable matrix which is naturally low in 108 
furan precursors. In addition, potato is a commonly used ingredient of many vegetable-based foods. By 109 
spiking a potato purée with fixed amounts of selected furan precursors, strictly defined and controlled 110 
matrix compositions were obtained, as a compromise between a pure model and real systems. Potatoes 111 
(Solanum tuberosum ‘Challenger’) were bought at a local supplier and stored in a cold room at 4 °C 112 
until further handling. They were first peeled and then cut into slices of approximately 1 cm thickness, 113 
before vacuum-packing in low-density polyethylene bags. To assure that all the changes observed 114 
during thermal processing were chemical, the potato slices were blanched at 95 °C for 8 min in a water 115 
bath (WBU 45, Memmert, Schwabach, Germany). The blanching conditions were validated using a 116 
qualitative and quantitative peroxidase test (Adebooye et al. 2008; Vervoort et al. 2012). After 117 
blanching, the plastic bags were immediately cooled in iced water for 10 min, frozen in liquid nitrogen 118 
and stored in a freezer at -40 °C. To verify whether the selected potatoes were actually low in furan 119 
precursors, the blanched potatoes were characterized in terms of free sugars, vitamin C, fatty acids and 120 
total carotenoids concentrations. For this characterization, a homogenous potato purée was prepared by 121 
blending (B-400, BÜCHI, Flawil, Switzerland) the blanched potato slices with a standardized amount of 122 
deionized water. The analyses of free sugars and fatty acids concentrations were performed by Eurofins 123 
Food Testing Belgium (Brugge, Belgium). The vitamin C concentration was measured by means of 124 
HPLC and UV detection according to the procedure by Verbeyst et al. (2013), and the concentration of 125 
total carotenoids was determined spectrophotometrically as described by Knockaert et al. (2011). The 126 
concentrations of free sugars (<0.1 g/100 g purée) and fatty acids (<0.2 g/100 g purée) were found to be 127 
below the respective quantification limits. Also the concentrations of vitamin C (4.4 ± 0.2 mg/100 g 128 
purée) and total carotenoids (44 ± 10 µg/100 g purée) were very low, especially when compared with 129 
the selected concentration levels for spiking (cf. “Preparation of the spiked potato purées”). In other 130 
words, the results confirmed that the selected potatoes were low in furan precursors, and therefore, 131 
could be considered as a suitable matrix for setting up the I-optimal experimental design for the present 132 
study. The characterization of the blanched potato purée was further completed with determinations of 133 
the pH (5.95 ± 0.01), starch content (10.9 g/100 g purée) and dry matter content (14.22 ± 0.21 g/100 g 134 
purée). Even though the latter factors might affect the furan formation in vegetable-based foods, they 135 
were considered to be fixed matrix properties over the entire experimental range and will therefore not 136 
further be discussed. 137 
 138 
Preparation of the spiked potato purées 139 
Sugars, vitamin C, fatty acids and carotenoids were selected as different groups of possible furan 140 
precursors to be added to the potato purée. Fructose (≥99%, AppliChem, Darmstadt, Germany), glucose 141 
(≥99.5%, Sigma-Aldrich, Bornem, Belgium) and sucrose (≥99%, AppliChem, Darmstadt, Germany) 142 
were added as different types of sugars, which are most abundant in fruit and vegetables. Vitamin C was 143 
added in the form of ascorbic acid (99%, Acros Organics, Geel, Belgium), carotenoids in the form of β-144 
carotene (≥97%, Sigma-Aldrich, Bornem, Belgium). Olive oil (fatty acid composition of 10.6% C16:0, 145 
1.0% C16:1, 3.7% C18:0, 78.5% C18:1, 5.0% C18:2, 0.6% C18:3, 0.4% C20:0, and 0.2% C20:1) 146 
(Vandemoortele, Izegem, Belgium) was added as a source of (unsaturated) fatty acids. Given the 147 
complexity of amino acids as possible furan precursors (diverse and wide range of concentrations), the 148 
amino acid composition of the selected potato purée was considered as a fixed property. In order to be 149 
able to estimate main, quadratic (the curvature) and interaction effects of the selected furan precursors, 150 
each precursor had to be spiked in at least three different concentration levels. The highest concentration 151 
was selected based on food composition tables (Rijksinstituut voor Volksgezondheid en Milieu 2013), 152 
representing a relevant maximum concentration for vegetables and vegetable-based products. The 153 
intermediate level was exactly half of this maximum concentration. At the lowest concentration level, 154 
no additional precursors were added to the potato purée. The precursor levels were included in the 155 
experimental design as coded (standardized) variables, which are presented together with the selected 156 
concentration levels in Table 1. The different purée formulations (cf. “Experimental design”) were 157 
prepared by mixing the blanched potato slices with fixed amounts of precursor solutions. Therefore, 158 
stock solutions of fructose (1 g/ml), glucose (0.5 g/ml), sucrose (1 g/ml) and ascorbic acid (25 mg/ml) 159 
were prepared in deionized water. Olive oil was added as such (fatty acids were spiked without β-160 
carotene), or as a mixture with β-carotene (1667, 3333 or 6667 µg/g olive oil, depending on the 161 
concentration levels of both precursors that had to be spiked). The concentrations of all these stock 162 
solutions were optimized taking into account the maximum solubility of the precursors and the targeted 163 
value of the concentration levels. The mixtures of the potato slices and added solutions were further 164 
diluted with deionized water to obtain a standardized total volume, and blended (B-400, BÜCHI, Flawil, 165 
Switzerland) to obtain a homogenous purée. 166 
 167 
Experimental design 168 
Since each of the selected furan precursors could be spiked at three different concentration levels, it 169 
was not feasible to prepare all possible purée formulations (3
6
 = 729 possible combinations). Instead, an 170 
I-optimal experimental design consisting of 40 different purée formulations was generated with the help 171 
of the JMP statistical software (JMP Pro 11, Cary, North Carolina), assuming a full second-order 172 
response surface model in the six precursor concentrations. The optimal design approach is a flexible 173 
approach that takes into account practical constraints when performing an experiment, such as 174 
constraints on combinations of concentrations and the need to split an experiment over several days. The 175 
design utilized here is I-optimal, which means that it minimizes the average prediction variance over the 176 
entire set of test combinations under consideration, and thereby guarantees precise predictions (Goos & 177 
Jones 2011). Due to its lipophilicity, β-carotene could only be spiked in combination with the olive oil 178 
(however in different concentration ratios). This constraint on the concentrations of olive oil and β-179 
carotene was taken into account by the I-optimal design approach. In addition, two blocking factors 180 
were included in the experimental design and analysis, to divide the 40 purée formulations into two 181 
blocks of 20 purées for the preparation of the samples (purée preparation and thermal treatment) and 182 
into ten blocks of 4 purées for furan analysis. The optimal experimental design approach ensures that 183 
any systematic differences due to the time of preparation and/or the time of the furan analysis impact the 184 
estimation of the precursors’ effects as little as possible. The I-optimal experimental design is presented 185 
in Table 2. 186 
 187 
Thermal sterilization 188 
The spiked potato purées were subjected to a thermal sterilization in a static Steriflow pilot retort 189 
(Barriquand, Roanne, France). Due to their inert nature, glass jars (100 ml volume, 95 mm height and 45 190 
mm diameter) were used as sample holders. The jars were filled with 85 ± 0.5 g of potato purée and then 191 
closed with metal lids. Next, they were loaded into the retort and sterilized at a processing temperature 192 
of 121 °C. The holding time (±32 min) was calculated in advance to obtain an process value of 𝐹121.1 °𝐶
10 °𝐶  193 
(F0) = 15 min in the coldest point of the product. The targeted process value was indeed much higher 194 
than the theoretical value for microbial safety of low-acid, shelf-stable foods (‘botulinum cook’ or F0 = 195 
2.5-3 min), but to avoid product recall and to account for non-uniform impact distributions, F0-values of 196 
this order are frequently applied in food industry. The temperature profiles in the retort and the product 197 
were recorded using type T thermocouples (Ellab, Hilleroed, Denmark) (results not shown). After 198 
sterilization, the glass jars were immediately transferred to iced water to slow down further chemical 199 
reactions. The thermally treated potato purées were emptied in a cold room at 4 °C, frozen in liquid 200 
nitrogen and stored in a freezer at -80 °C until analysis. 201 
 202 
Quantitation of furan and methylfuran 203 
Quantitation of furan, 2- and 3-methylfuran was performed by means of an isotope dilution assay as 204 
described by Palmers et al. (2014), using furan-d4 as an internal standard. For sample preparation, 2.5 g 205 
of the thermally treated potato purées was weighed into an 10 ml headspace vial with a PTFE/silicone 206 
septum seal. The purée was diluted with 2.5 ml of a saturated NaCl solution, 100 µl of furan-d4 (98%, 207 
Sigma-Aldrich, Saint Louis, Missouri) working solution (ca. 0.05 µg/ml in deionized water) and 208 
deionized water to obtain a standardized total volume of 6 ml. Furan and derivatives were extracted by 209 
solid phase microextraction (SPME), using a 75 µm carboxen/polydimethylsiloxane fiber (Supelco, 210 
Bellefonte, Pennsylvania) which was exposed to the headspace of the samples at 30 °C for 15 min. The 211 
analyses were carried out using an Agilent 7890A gas chromatograph and an Agilent 5975C mass 212 
spectrometer (Keysight Technologies, Santa Rosa, California), equipped with HP-PLOT Q column (30 213 
m  320 µm, 20 µm film thickness, Keysight Technologies, Santa Rosa, California) using helium as the 214 
carrier gas at a constant flow rate of 2 ml/min. Mass spectra were obtained by electron ionisation (EI) at 215 
70 eV, in the combined SCAN and SIM mode. The selected ions monitored were m/z 68 (quantifier) and 216 
39 (qualifier) for furan and m/z 72 (quantifier), 44 and 42 (both qualifier) for furan-d4. For quantitation, 217 
a calibration curve of furan (>99%, Sigma-Aldrich, Saint Louis, Missouri) was prepared in the blanched 218 
potato purée, covering the concentration range of 0-50 ng/g purée. According to our own findings 219 
(results not shown), the behavior of 2- and 3-methylfuran towards the internal standard furan-d4 was not 220 
significantly different from the behavior of furan. Therefore, the same calibration curve was used to 221 
estimate the concentrations of both methylfurans. For these compounds, the selected ions were m/z 82 222 
(quantifier), 81 and 53 (qualifiers). The decision limit and the detection capability of the procedure were 223 
1.15 ng/g purée and 1.86 ng/g purée, respectively. Each sample was analyzed in triplicate. 224 
 225 
Statistical data-analysis 226 
The statistical data analysis was performed using the JMP statistical software (JMP Pro 11, Cary, 227 
North Carolina). A response surface model was fitted to the data using linear mixed model regression, 228 
with fixed effects (main, quadratic and second-order interaction effects) for the controllable factors and 229 
random effects to capture the possible correlation between samples coming from the same purée 230 
preparation block, the same analysis block and the same purée formulation (repetition of analysis). A 231 
significance level of 0.05 was used for selecting significant effects. The response surface modeling 232 
approach is discussed in more detail in the section “Response surface model analysis of the furan 233 
concentrations in the thermally treated purées” of the results and discussion. 234 
 235 
Results and discussion 236 
Based on the I-optimal experimental design (cf. “Material and methods”), potato purée (naturally low 237 
in furan precursors) was spiked with known amounts of mono- and disaccharides (fructose, glucose and 238 
sucrose), ascorbic acid, olive oil (source of fatty acids) and β-carotene. This way, 40 different mixtures 239 
of possible furan precursors were prepared to closely resemble the compositions of jarred baby foods 240 
and similar vegetable-based foods. After thermal treatment with the aim of sterilization (121 °C, F0 = 15 241 
min), the potato purées were analyzed for furan and the alkylated derivatives 2- and 3-methylfuran. The 242 
discussion of the results starts with a visual interpretation of the furan concentrations, followed by 243 
regression response surface modeling of the concentrations, an explanation of the significant effects and 244 
the relevance of the response surface in the context of furan mitigation. Some general trends in the 245 
methylfuran concentrations of the thermally treated potato purées are discussed afterwards. 246 
 247 
Visual interpretation of the furan concentrations in the thermally treated purées 248 
The furan concentrations of the thermally treated purées and their corresponding standard deviations 249 
are represented in Fig. 1, together with the decision limit (CCα, 1.15 ng/g purée) and the detection 250 
capability (CCβ, 1.86 ng/g purée) of the analytical procedure. All potato purées contained detectable 251 
amounts of furan, with concentrations varying from 4 to 36 ng/g purée. With a mean concentration of 17 252 
ng/g purée, the furan concentrations of the present study were in the same range as the concentrations 253 
reported in the literature for commercially available, vegetable-based products (mean concentrations of 254 
31-32, 8-11 and 23-24 ng/g purée for baby foods, sauces and soups, respectively) (European Food 255 
Safety Authority (EFSA) 2011). In order to detect possible trends in the susceptibility of the potato 256 
purées to furan formation, the purées are shown in increasing order of concentration in Fig. 1. The 257 
composition of the purée formulations with the highest and the lowest furan concentrations were 258 
investigated in more detail. Combinations 20, 35, 36, 37 and 38 had the highest furan concentrations. 259 
These combinations were characterized by relatively high sugar concentrations (10-12.5 g/100 g purée) 260 
and low amounts of ascorbic acid (no ascorbic acid was added for combinations 20, 35, 36 and 37). All 261 
these potato purées contained olive oil (1.5-3 g/100 g purée) as a source of (poly-)unsaturated fatty 262 
acids, in most cases accompanied by the presence of β-carotene (only combination 36 did not involve 263 
addition of β-carotene). Combinations 1, 4, 16, 23 and 40 had the lowest furan concentrations. These 264 
combinations had low sugar concentrations (2.5-7.5 g/100 g purée) and a high concentration of ascorbic 265 
acid (150 mg/100 g purée for combinations 4, 16, 23 and 40). These combinations contained varying 266 
amounts of olive oil and β-carotene. When comparing the purée compositions of the combinations with 267 
the highest and the lowest furan concentrations, it seemed that the sugar and ascorbic acid 268 
concentrations were the most important factors affecting the furan formation in the potato purées. High 269 
sugar concentrations without ascorbic acid seemed to lead to high furan concentrations, regardless of the 270 
concentrations of olive oil and β-carotene. Moreover, the purée formulations showed a continuous range 271 
of furan concentrations, starting from the lowest concentrations for combinations 1, 4, 16, 23 and 40, 272 
and ending with the highest values for combinations 20, 35, 36, 37 and 38. This way, the wide spread of 273 
furan concentrations showed that the experimental design led to a broad variety in purée compositions. 274 
At the same time, it demonstrated the potential for furan reduction in vegetable-based foods by changing 275 
the precursor concentrations in the product. In order to identify statistically significant associations, 276 
based on the 40 different purée compositions and the observed furan concentrations, there is a need for a 277 
sound statistical analysis that takes into account the correlation between purées that were prepared, 278 
thermally treated and/or analyzed together. Therefore, the dataset resulting from the I-optimal 279 
experimental design was re-analyzed using a mixed model regression approach (cf. “Response surface 280 
model analysis of the furan concentrations in the thermally treated purées”). 281 
 282 
Response surface model analysis of the furan concentrations in the thermally treated purées 283 
Due to the size of the experiment, it was not feasible to perform the sample preparation steps (purée 284 
preparation and thermal treatment) and the furan analysis for all the purée formulations in the same time 285 
frame. Therefore, the I-optimal experimental design included two blocking factors to assign the 40 286 
different purée formulations to (i) two preparation blocks and (ii) ten groups for furan analysis. The 287 
analysis was performed in triplicate, so that each purée formulation gave rise to three measurements of 288 
the furan concentration. Mixed model regression was a suitable approach for statistically analyzing 289 
these furan concentrations (cf. “Visual interpretation of the furan concentrations in the thermally treated 290 
purées”), because it allowed to account for the mutual dependencies between the concentrations due to 291 
the preparation and analysis blocks. To describe the effects of the controllable, fixed factors on the furan 292 
concentrations, a full second-order response surface model was used. Since there are six controllable 293 
experimental factors in the experiment (concentrations of fructose, glucose, sucrose, ascorbic acid, fatty 294 
acids and β-carotene), this model involved 27 fixed effects for 40 observations: 6 main effects, 6 295 
quadratic effects and 15 second-order interactions. For modeling purposes, the concentration levels of 296 
the furan precursors were converted into coded (standardized) variables (cf. Table 1). The response 297 
surface model equation, including the fixed and random effects, is represented in equation (1): 298 
 299 
𝑌𝑘𝑙𝑚𝑛 = 𝜇 + ∑ 𝛽𝑖𝑥𝑖𝑘𝑙𝑚
6
𝑖=1 + ∑ 𝛽𝑖𝑖𝑥𝑖𝑘𝑙𝑚
26
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑘𝑙𝑚𝑥𝑗𝑘𝑙𝑚
6
𝑖<𝑗=1 + 𝑎𝑘 + 𝑏𝑙 + 𝑐𝑚 + 𝜀𝑘𝑙𝑚𝑛 (1) 300 
 301 
where Yklmn was the observed furan concentration at the nth repeated observation (n = 1,2,3) from the 302 
mth purée formulation (m = 1,2,3,4), the kth preparation block (k = 1,2) and the lth analysis block (l = 303 
1,2,…10). µ represented the intercept, xiklm and xjklm were the coded concentration levels of the ith and 304 
jth controllable experimental factors, the regression coefficients i, ii and ij were the the main effects, 305 
the quadratic effects and the interaction effects, respectively, and ak, bl and cm were the random effects 306 
of the kth preparation block, the lth analysis block and the mth purée preparation. The model was 307 
estimated using generalized least squares for the experimental factors’ effects, in combination with 308 
restricted maximum likelihood (REML) for the variances of the random effects. A stepwise backward 309 
elimination procedure was used (where insignificant terms were dropped one by one) to obtain the final 310 
reduced model presented in Table 3. The adjusted coefficient of determination value (R
2
adj, 0.9855) and 311 
the root mean square error (RMSE, 1.228) both indicated a good fit of the selected model, which is 312 
confirmed by the parity plot and a plot of the residuals in Fig. 2. 313 
 314 
The reduced response surface model (Table 3) involves an intercept, five main effects and three 315 
interaction terms describing the empirical relationship between the furan concentrations of the thermally 316 
treated purées and the concentration levels of the experimental factors in the starting material. The 317 
intercept can be considered as a reference value for the furan concentrations, and the estimated value 318 
(16.84 ng/g purée) was close to the mean concentration of the tested purées. The strongest main effects 319 
were observed for fructose (p = 0.0007) and ascorbic acid (p < 0.0001), followed by glucose (p = 320 
0.0519), whose significance was close to the postulated significance level (α = 0.05). Fructose and 321 
glucose have positive main effects, as opposed to ascorbic acid, which has a negative main effect on the 322 
furan concentration. The main effects of fatty acids (p = 0.2011) and β-carotene (p = 0.2617) were not 323 
significant, but they were retained in the model because they are included in significant interaction 324 
terms. This was not the case for sucrose, which did not appear in any statistically significant term. 325 
Sucrose was therefore completely removed from the model. These observations were in agreement with 326 
the visual observations described in the section “Visual interpretation of the furan concentrations in the 327 
thermally treated purées”. All quadratic terms of the selected furan precursors were insignificant and 328 
therefore removed from the model. This implies that the association of every individual precursor with 329 
the furan concentration can be described by a linear relationship, for given levels of the remaining 330 
precursors. Three interaction terms had significant explanatory value for the furan concentrations of the 331 
purée formulations. Important positive correlations were observed when β-carotene was combined with 332 
fructose (p = 0.0246) or glucose (p = 0.0013). Through its interaction with monosaccharides, β-carotene 333 
has a larger impact on furan formation than as a direct furan precursor. Furthermore, both interactions of 334 
β-carotene contribute to the importance of monosaccharides for furan formation in vegetable-based 335 
systems. Finally, a strongly negative interaction (p = 0.0085) was observed for fatty acids and ascorbic 336 
acid, implying that combining both compounds in the food matrix reduced the furan concentrations of 337 
the thermally treated potato purées. 338 
It should be noted that the described relationships between precursors and furan concentration were 339 
only empirical, which means that strictly speaking, there was no proof for a causal relationship between 340 
both types of compounds in the present study. Nevertheless, by setting-up a well-balanced experimental 341 
design (with a sufficiently large sample size and distribution, randomizing the experimental runs with 342 
each block and controlling all factors which are not explicitly included in the experiment), using strictly 343 
defined but realistic research systems such as the purée formulations of the present study, the potential 344 
of response surface methodology to obtain insight into the complex relationship between furan and its 345 
precursors, was exploited to the largest possible extent. In the next section, an attempt is made to 346 
integrate the observed main effects and interaction effects and to provide an overall explanation for the 347 
reaction pathways leading to furan formation in the spiked potato purées. 348 
 349 
Interpretation of the response surface describing furan as a function of purée composition 350 
The reduced response surface model (Table 3) describing the relationship between the purée 351 
composition (i.e., the precursor concentrations) and the furan concentrations of the thermally treated 352 
purées, involved nine terms (intercept, main effects and interaction terms) and five of the six original 353 
experimental factors. Because most of these factors appear in a significant interaction term, the 354 
interpretation of the relative importance of the precursors for furan formation is not trivial. To visualize 355 
the interaction effects and study the joint impact of pairs of experimental factors, three-dimensional 356 
response surface plots, representing the furan concentration as a function of two experimental factors 357 
(given fixed concentrations for the other factors) are used. With the help of these response surface plots, 358 
the results of the present study can be interpreted graphically and compared to the available literature in 359 
order to obtain an increased understanding of the furan formation in the present purée formulations and 360 
possibly also other types of vegetable-based foods. 361 
Sugars are often named as one of the most important furan precursors in foods (Yaylayan 2006; 362 
Crews & Castle 2007; Bolger et al. 2008). Three types of sugars were spiked in the present study (i.e., 363 
fructose, glucose and sucrose). Significant effects on the furan concentration were only observed for 364 
fructose and glucose. Based on just the main effects, it would be tempting to state that fructose was the 365 
most efficient precursor for furan formation among the tested sugars. However, the larger interaction 366 
effect for glucose with β-carotene means that the role of glucose is of a similar importance as that of 367 
fructose. The response surface plot in Fig. 3A shows the combined effect of the fructose and glucose 368 
concentrations on the furan concentrations of the thermally treated potato purées, given fixed, average 369 
concentrations of ascorbic acid (80 mg/100 g purée), fatty acids (1.5 g/100 g purée) and β-carotene 370 
(5000 µg/g purée). This plot clearly shows that, all other concentrations being equal (ceteris paribus), 371 
the furan concentrations originating from both precursors were additive, with a slightly faster furan 372 
formation for fructose. This observation is in agreement with the literature, where fructose is usually 373 
reported to be the most efficient precursor among the hexose sugars, before glucose and sucrose (Fan 374 
2005; Limacher et al. 2008; Owczarek-Fendor et al. 2012). In food systems with a high water content 375 
and low-acid pH, like the purée formulations of the present study, Maillard reactions are the dominating 376 
pathways leading to furan formation from sugars (Belitz et al. 2009), although sugars can also degrade 377 
to furan in the absence of amino acids (Yaylayan 2006). The inactivity of sucrose as a furan precursor 378 
can most probably be explained by the same low-acid pH of the purée formulations (pH 5.95), at which 379 
sucrose hydrolysis (to generate fructose and glucose) is expected to be small (Owczarek-Fendor et al. 380 
2012). 381 
The interactions between fructose or glucose and β-carotene were more challenging to interpret. In the 382 
literature, little information can be found on possible interactions between the degradation reactions of 383 
sugars and carotenoids. However, some Maillard reaction products (e.g. Amadori compounds) have 384 
been described to promote lipid oxidation (Zamora & Hidalgo 2008). In a similar way, reaction products 385 
of the fructose and glucose degradation might have promoted the oxidative degradation of β-carotene, 386 
resulting in higher furan concentrations than when both precursors were not combined in the same 387 
starting material. The response surface plot in Fig. 3B shows the combined effect of the fructose and β-388 
carotene concentrations on the furan concentrations of the thermally treated potato purées, given fixed, 389 
average concentrations of glucose (2.5 g/100 g purée), fatty acids (1.5 g/100 g purée) and β-carotene 390 
(5000 µg/100 g purée). In addition to the increased furan formation when fructose and β-carotene are 391 
combined in the matrix, this plot indicates that β-carotene reduced the furan formation in the presence of 392 
low monosaccharide concentrations in the potato purées (no additional fructose added). This effect is 393 
probably due to the antioxidant properties of β-carotene, which can partly protect other precursors such 394 
as fatty acids against oxidative degradation to furan. In the presence of high monosaccharide 395 
concentrations, β-carotene had a positive impact on the furan formation. The opposite effects of β-396 
carotene at low and high monosaccharide concentrations explain why the main effect of β-carotene was 397 
small and insignificant. An identical response surface plot for the glucose and β-carotene concentrations 398 
(graph not shown) confirmed that the monosaccharides fructose and glucose had a very similar effect on 399 
the furan concentrations of the thermally treated potato purées. 400 
 401 
Ascorbic acid appears twice in the reduced response surface model: it has a significant main effect 402 
and a significant interaction term with fatty acids. Since both effects are negatively related to the furan 403 
concentration, ascorbic acid had a clear reducing effect on the furan formation in the thermally treated 404 
potato purées. This is an interesting observation, because, in the literature, ascorbic acid is generally 405 
presented as an (important) precursor for furan formation (Crews & Castle 2007). In order to investigate 406 
the joint effect of ascorbic acid and fatty acids concentrations on the furan concentrations of the 407 
thermally treated potato purées, the response surface plot for these two furan precursors is shown in Fig. 408 
4, given fixed, average concentrations of fructose (2.5 g/100 purée), glucose (2.5 g/100 g purée) and β-409 
carotene (5000 µg/100 g purée). The significance of the interaction effect implies that the effect of 410 
ascorbic acid on the furan formation in the potato purées was dependent on the fatty acids concentration. 411 
At low concentrations of fatty acids in the starting material, ascorbic acid had little or no effect on the 412 
furan concentration after thermal treatment. However, when fatty acids were spiked at the highest 413 
concentration level, ascorbic acid had a clear reducing effect as an antioxidant, possibly protecting fatty 414 
acids against oxidative degradation to furan. Various authors (Locas & Yaylayan 2004; Mark et al. 415 
2006; Limacher et al. 2007; Mogol & Gokmen 2013) state that ascorbic acid can degrade to furan in an 416 
oxidative or a non-oxidative manner, the oxidative reaction pathways being faster and prevailing in the 417 
presence of oxygen (Esteve et al. 1999; Rojas & Gerschenson 2001; Oey et al. 2006). Moreover, various 418 
aldotetrose compounds originating from the ascorbic acid degradation are well-known intermediate 419 
products of the sugar degradation to furan (Locas & Yaylayan 2004; Mark et al. 2006; Limacher et al. 420 
2007). This shows that the role of ascorbic acid for furan formation is complex, because it strongly 421 
depends on the presence of other compounds (e.g. fatty acids, sugars) and on the specific reaction 422 
conditions (e.g. oxygen, pH) in the food system under consideration. As observed for β-carotene, 423 
ascorbic acid can act as a furan precursor itself, but at the same time, it seems to protect other precursors 424 
against oxidative degradation to furan. 425 
The response surface plot in Fig. 4 also shows the furan concentration as a function of the fatty acids 426 
concentration, when no ascorbic acid was added to the purées. Remarkably, in that case, there was a 427 
positive relation between the concentration of fatty acids in the starting material and the furan 428 
concentration of the thermally treated potato purées. In other words, when the ascorbic acid level was 429 
low, degradation of fatty acids contributed substantially to the furan concentration. When the ascorbic 430 
acid level was high, large concentrations of fatty acids led to a reduction of the furan formation. Based 431 
on the literature, the relative importance of fatty acids for furan formation remains unclear. Furan 432 
formation from the fat fraction of the food is mostly attributed to the oxidative degradation of 433 
polyunsaturated fatty acids, mainly linoleic acid (C18:2) and linolenic acid (C18:3) (Becalski & Seaman 434 
2005; Mark et al. 2006). The olive oil which was used to spike the potato purées of the present study, 435 
contained both linoleic acid (5% in the olive oil, or 0.15 g/100 g purée) and linolenic acid (0.6% in oil, 436 
0.018 g/100 g purée), in low, but realistic concentration levels (cf. “Material and methods”). No specific 437 
measures were taken to control the oxygen concentration of the present purées. Moreover, some 438 
literature sources state that unrealistically high degrees of oxidation have to be reached in order to form 439 
furan (Owczarek-Fendor et al. 2010b; Owczarek-Fendor et al. 2012). Nevertheless, the results of the 440 
present study seemed to suggest that fatty acids could have an important contribution to the furan 441 
formation of vegetable-based foods, and that the redox condition of the matrix (i.e., antioxidant 442 
concentration) would be an important factor to control the furan concentration in such a case. As already 443 
mentioned above, β-carotene might have similar antioxidant properties as ascorbic acid. However, such 444 
properties were only observed when β-carotene was spiked at the highest concentration level (10000 445 
µg/100 g purée), in the presence of low concentrations of monosaccharides (absence of fructose, 446 
glucose concentration of 2.5 g/100 g purée). At higher sugar concentrations, the antioxidant properties 447 
seemed to be dominated by the positive interaction effects between β-carotene and fructose or glucose. 448 
 449 
Optimization of the product composition for furan mitigation 450 
In the previous section, the relative importance of the furan precursors in the thermally treated potato 451 
purées was studied by means of a response surface model (Table 3) and response surface plots (Fig. 3 452 
and 4). Based on the response surface model, an optimized product composition for minimal or maximal 453 
furan concentrations can be put forward within the experimental framework of this study. The optimized 454 
compositions (obtained from the response optimizer in the JMP statistical software) are presented 455 
graphically using the prediction profilers in Fig. 5. The minimum and maximum predicted furan 456 
concentrations are 1 and 38 ng/g purée, respectively. These concentrations are in the same range as the 457 
experimentally observed minimum and maximum concentrations (4 and 36 ng/g purée, respectively). 458 
The predicted minimum corresponds to a product composition consisting of potato purée spiked with 459 
large concentrations of ascorbic acid (150 mg/100 g purée), fatty acids (3 g/100 g purée) and β-carotene 460 
(10000 µg/100 g purée), and without adding fructose or glucose. The purée composition corresponding 461 
to the prediction maximum involves the same concentration levels of fatty acids (3 g/100 g purée) and 462 
β-carotene (10000 µg/100 g purée). However, this purée formulation also contains large concentrations 463 
of fructose (5 g/100 g purée) and glucose (5 g/100 g purée), without the addition of ascorbic acid. A 464 
comparison of the two formulations again indicates that the concentrations of the monosaccharides 465 
fructose and glucose, on the one hand, and the ascorbic acid concentration, on the other hand, are the 466 
major factors affecting the furan concentration of the thermally treated potato purées. 467 
The relative importance of the different precursors for furan formation is expected to be a function of 468 
both the concentration and the conversion efficiency of the degradation reactions to furan. Among the 469 
precursors investigated in this study, sugars and (total) fatty acids (g/100 g product) were present in the 470 
highest concentrations, followed by ascorbic acid (mg/100 g product) and carotenoids (µg/100 g 471 
product). This partly explains why the monosaccharides fructose and glucose were found to be the 472 
primary source for furan formation in the thermally treated potato purées. Ascorbic acid, which was 473 
present in a lower range of concentrations, still had an important reducing effect on the furan 474 
concentration through the redox interaction with the (polyunsaturated) fatty acids of the olive oil. Fatty 475 
acids and β-carotene were shown to be of less importance for the furan formation, since they appeared 476 
in high concentrations in the optimized product compositions for both the minimum and the maximum 477 
furan concentrations. The extent of fatty acid degradation seemed to be limited in the thermally treated 478 
purées, which can be explained by the small (but realistic from an application point of view) proportion 479 
of polyunsaturated fatty acids in the olive oil, and the presence of antioxidants ascorbic acid and β-480 
carotene. The antioxidant activity of β-carotene could only be observed in the absence of 481 
monosaccharides. In the opposite case, they contributed to the furan formation through a significant 482 
redox interaction with fructose and glucose. As mentioned before, sucrose does not appear in the 483 
reduced response surface model. It has no significant effects on the furan concentrations of the 484 
thermally treated potato purées. Therefore, from the perspective of furan mitigation, sucrose might be 485 
the best way of adding sugars to a food product, since its concentration does not seem to affect the furan 486 
formation. 487 
 488 
The identification of the relative importance and interactions of furan precursors in the purée 489 
formulations of the present study is one step closer towards product reformulation for furan reduction in 490 
vegetable-based foods. According to the reduced response surface model, reducing the concentrations of 491 
the monosaccharides fructose and glucose on the one hand, and increasing the antioxidant capacity of 492 
the matrix (e.g. by increasing ascorbic acid concentration) on the other hand, seem to offer two 493 
promising approaches for furan mitigation. However, it should be noted that the optimized product 494 
compositions were obtained by an extrapolation of the response surface model. For example, the 495 
specific purée formulation for minimum furan formation was not part of the experimentally prepared 496 
purée formulations, and the corresponding prediction of the furan concentration was lower than the 497 
experimentally observed minimum. Moreover, because of the empirical nature of the response surface 498 
model, the optimized product compositions cannot be directly translated to the increased complexity of 499 
real products. Future work should aim to include the possible effects of other product characteristics, 500 
such as the presence of amino acids (contribution to Maillard reactions and direct precursor) or matrix 501 
properties (e.g. pH and oxygen concentration). This way, the complexity of the response surface model 502 
can be systematically increased, with the final aim of obtaining a comprehensive model describing furan 503 
formation in a variety of (fruit- and) vegetable-based food products. One of the major advantages of 504 
response surface methodology, is that the model obtained from the present study can serve as a starting 505 
point for such type of experiments, to save time and costs. 506 
 507 
Trends in methylfuran concentrations 508 
In addition to furan, the thermally treated potato purées were analyzed for 2- and 3-methylfuran. 509 
Major food constituents such as sugars (alone or in combination with amino acids) (Mark et al. 2006; 510 
Limacher et al. 2008), ascorbic acid (Limacher et al. 2007), fatty acids (Mark et al. 2006) and β-511 
carotene (Becalski & Seaman 2005) have also been reported as possible precursors for the formation of 512 
both methylfurans. Given the wide range of purée compositions and possible precursors that were 513 
included in the present study, the experimental setup provided an excellent opportunity for obtaining 514 
insight into the main precursors and reaction pathways leading to methylfuran formation. Remarkably, 515 
2-methylfuran was only detected in very low concentrations, and 3-methylfuran was not detected at all. 516 
The concentrations of 2-methylfuran in the potato purées varied between 0 and 2 ng/g purée (Fig. 6). 517 
These concentrations were of the same order of magnitude as the analytical limits of the procedure and 518 
should therefore be interpreted with care. However, in a previous study by the same authors (Palmers et 519 
al. 2014), eleven vegetable purées (without addition of precursors) were thermally treated and analyzed 520 
for 2- and 3-methylfuran. About half of the thermally treated purées (bell pepper, broccoli, red carrot, 521 
pumpkin and spinach) had a summed methylfuran concentration (9-23 ng/g purée) in the same range as 522 
the corresponding furan concentration. The other half of the purées (orange, purple, and yellow carrots, 523 
onion, potato and red beet) contained 2- and 3-methylfuran in concentrations close to the detection 524 
capability (1.86 ng/g purée). These results showed that in both studies, the potato purée contained low 525 
methylfuran concentrations, no matter whether possible precursors were added to the matrix (like in the 526 
present study) or not (Palmers et al. 2014). In other words, the selected food constituents (sugars, 527 
ascorbic acid, fatty acids and β-carotene) were not a direct precursor for methylfuran formation, as 528 
opposed to furan. This was a very interesting observation, because it points to the importance of 529 
different matrix characteristics than the selected food constituents as limiting factors in the formation of 530 
2- and 3-methylfuran in the spiked potato purées. 531 
 532 
Based on the current literature information, the possible reaction pathways leading to methylfuran 533 
formation can be divided into two groups. Sugar degradation and Maillard reactions are considered as 534 
one group, oxidative degradation reactions (i.e., polyunsaturated fatty acids and β-carotene) as the other. 535 
Ascorbic acid degradation might be considered as a minor route compared with both groups (Limacher 536 
et al. 2007). Of course, interactions might exist as well between these reaction pathways leading to 537 
methylfuran formation. The suggested reaction pathways indicate that the amino acids composition 538 
and/or the redox condition might be two relevant matrix characteristics for methylfuran formation, 539 
which were not included in the present study. Moreover, fundamental differences have been observed in 540 
the formation mechanisms of furan and both methylfurans. Furan seems to be formed mainly from the 541 
intact carbon skeleton, whereas labeling studies indicate that 2- and 3-methylfuran are more often 542 
formed through fragmentation and recombination steps (Mark et al. 2006; Limacher et al. 2008). As a 543 
result, it is currently very difficult to control the methylfuran concentrations in vegetable-based foods. 544 
There is a need for more fundamental insight into the reaction pathways for 2- and 3-methylfuran 545 
formation. More specifically, it might be interesting to elucidate the roles of amino acids and the redox 546 
condition, in order to be able to understand and control the formation of both methylfurans in vegetable-547 
based and other types of foods. 548 
 549 
Conclusions 550 
So far, research on furan mitigation in vegetable-based foods has mostly been targeted at the levels of 551 
thermal processing for preservation and the final preparation steps prior to consumption. Reducing furan 552 
concentrations by product reformulation has proven to be challenging, because of the many desirable 553 
nutritional, structural, and other quality-related properties of the precursors. Based on the results of this 554 
study, reducing the amount of monosaccharides or adjusting the redox conditions of the matrix (e.g. by 555 
increasing antioxidant concentrations and/or reducing the oxygen availability) can be suggested as two 556 
possible approaches for controlling the furan formation via measures on the product side. For example, 557 
replacing part of the fructose and glucose concentrations in vegetable-based foods by a disaccharide like 558 
sucrose might result in a significant decrease in the furan concentration. It should be noted that these 559 
results are only valid for low-acid, semi-solid foods like the spiked potato purées of this study. Since the 560 
presented conclusions are obtained from empirical models (without a real mechanistic base), the 561 
mitigation approaches should always be implemented by carefully evaluating the product composition 562 
(precursor concentrations and matrix properties) and the intensity of the thermal preservation treatment 563 
for the product under consideration. Ideally, the experimental attempts should result in the establishment 564 
of an industrial toolbox for furan mitigation, such as the one for acrylamide by FoodDrinkEurope. By 565 
providing possible furan mitigation measures at the different steps of the food chain (product 566 
formulation, thermal processing and storage), such a toolbox might enable food processors to reduce the 567 
furan concentrations of various vegetable-based (and possibly other types of) foods, without 568 
compromising on other important food safety or quality attributes. In addition to furan, concerns have 569 
been postulated on possible adverse health effects associated with the consumption of alkylated 570 
derivatives of furan, in particular 2- and 3-methylfuran. However, the spiked potato purées of the 571 
present study contained only 2-methylfuran in low concentrations (0-2 ng/g purée). In order to explain 572 
the (apparent) contradiction of these results with the higher methylfuran concentrations observed in 573 
some commercial vegetable-based foods, there is a need for more fundamental insight in the reaction 574 
pathways leading to 2- and 3-methylfuran (e.g. by experiments with labeled precursors). 575 
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  691 
Tables 692 
 693 
Table 1. Coding and concentration levels of the selected furan precursors. 694 
Precursor Symbols  Concentration level
a
 
 Coded Uncoded  -1 0 1 
Fructose (g/100 g purée) x1 X1  0 2.5 5 
Glucose (g/100 g purée) x2 X2  0 2.5 5 
Sucrose (g/100 g purée) x3 X3  0 2.5 5 
Ascorbic acid (mg/100 g purée) x4 X4  0 75 150 
Fatty acids (olive oil) (g/100 g purée) x5 X5  0 1.5 3 
β-Carotene (µg/100 g purée) x6 X6  0 5000 10000 
a
x1 = (X1 - 2.5)/2.5; x2 = (X2 - 2.5)/2.5; x3 = (X3 - 2.5)/2.5; x4 = (X4 - 75)/75; x5 = (X5 - 1.5)/1.5; x6 = (X6 695 
- 5000)/5000. 696 
 697 
Table 2. I-optimal experimental design, with coded variables indicating the precursor concentrations 698 
(cf. Table 1), and the blocking factors to divide the 40 purée formulations into two preparation blocks 699 
(B1) and ten analysis blocks (B2). 700 
Purée ID Coded variables  Blocking factors  
 x1 x2 x3 x4 x5 x6  B1 B2  
1 -1 -1 1 0 0 1  1 1  
2 1 0 0 -1 0 0  1 1  
3 -1 0 -1 0 0 -1  1 1  
4 0 -1 1 1 1 0  1 1  
5 1 0 -1 1 0 1  1 2  
6 -1 1 0 -1 0 1  1 2  
7 0 0 -1 1 1 -1  1 2  
8 1 -1 1 -1 1 1  1 2  
9 -1 1 0 0 1 -1  1 3  
10 1 -1 -1 1 0 -1  1 3  
11 -1 -1 -1 -1 1 1  1 3  
12 -1 0 1 -1 -1 -1  1 3  
13 0 0 0 0 1 1  1 4  
14 1 1 1 0 0 0  1 4  
15 0 -1 -1 -1 -1 -1  1 4  
16 -1 1 -1 1 -1 -1  1 4  
17 0 0 -1 0 -1 -1  1 5  
18 -1 -1 1 -1 0 -1  1 5  
19 1 -1 -1 0 1 1  1 5  
20 1 0 1 -1 0 1  1 5  
21 0 1 1 0 0 -1  2 6  
22 1 0 1 1 0 1  2 6  
23 -1 -1 0 1 0 1  2 6  
24 1 1 -1 0 0 1  2 6  
25 0 -1 0 0 1 0  2 7  
26 1 1 -1 -1 0 -1  2 7  
27 -1 1 -1 1 1 1  2 7  
28 -1 1 1 -1 1 -1  2 7  
29 1 1 1 1 -1 -1  2 8  
30 0 0 -1 -1 0 0  2 8  
31 1 1 1 1 1 1  2 8  
32 -1 -1 1 1 -1 -1  2 8  
33 0 -1 0 0 0 1  2 9  
34 -1 0 1 1 1 0  2 9  
35 0 1 0 -1 1 0  2 9  
36 1 -1 1 -1 1 -1  2 9  
37 -1 1 -1 -1 1 0  2 10  
38 0 1 1 1 0 1  2 10  
39 1 1 1 1 1 -1  2 10  
40 -1 -1 0 1 1 1  2 10  
 701 
Table 3. Effect estimates and significance tests for the reduced response surface model describing the 702 
furan concentrations in the thermally treated potato purées as a function of the coded precursor 703 
concentrations. 704 
Effect Estimate Standard error DF t Ratio p Value 
Intercept 16.84     
Fructose 3.22 0.82 22.58 3.91 0.0007 
Glucose 1.84 0.90 23.88 2.05 0.0519 
Ascorbic acid -4.66 0.93 23.28 -5.01 <0.0001 
Fatty acids 1.55 1.18 26.88 1.31 0.2011 
β-carotene 0.98 0.85 23.44 1.15 0.2617 
Fructose * β-carotene 2.29 0.96 24.00 2.40 0.0246 
Glucose * β-carotene 3.45 0.93 21.58 3.70 0.0013 
Ascorbic acid * fatty acids -3.35 1.16 21.78 -2.89 0.0085 
  705 
List of figures 706 
 707 
 708 
Fig. 1. Overview of the furan concentrations and their standard deviations for the thermally treated 709 
potato purées, prepared according to the I-optimal experimental design presented in Table 2. The 710 
decision limit (CCα, 1.15 ng/g purée) and detection capability (CCβ, 1.86 ng/g purée) of the analytical 711 
procedure are represented by the dashed and solid line, respectively. 712 
 713 
 714 
Fig. 2. Parity plot (left) and plot of the residuals (right) for the reduced response surface model 715 




Fig. 3. Response surface plots showing the combined effect of (A) the fructose and glucose 720 
concentrations and (B) the fructose and β-carotene concentrations on the furan concentration of the 721 
thermally treated potato purées, based on the response surface model presented in Table 3. Where 722 
appropriate, the concentrations of glucose (2.5 g/100 g purée, right), ascorbic acid (80 mg/100 g purée), 723 





Fig. 4. Response surface plot showing the combined effect of the ascorbic acid and fatty acids 729 
concentrations on the furan concentration of the thermally treated potato purées, based on the response 730 
surface model presented in Table 3. The concentrations of fructose (2.5 g/100 g purée), glucose (2.5 731 




Fig. 5. Product compositions leading to (A) minimum or (B) maximum furan concentrations in the 736 
thermally treated potato purées. The black lines show the change in the furan concentration as a function 737 
of the concentration of each precursor, given fixed values for the others (in red). The optimal settings of 738 
the precursor concentrations are also indicated by the vertical dotted lines, the horizontal dotted lines 739 






Fig. 6. Overview of the 2-methylfuran concentrations and their standard deviations for the thermally 746 
treated potato purées, prepared according to the I-optimal experimental design presented in Table 2. 747 
The decision limit (CCα, 1.15 ng/g purée) and detection capability (CCβ, 1.86 ng/g purée) of the 748 
analytical procedure are represented by the dashed and solid line, respectively. 749 
